We evaluated the effects of social factors and food quality on patch use by a wild group of Japanese macaques (Macaca fuscata) that experienced no inter-group feeding competition or predation risk. We obtained the following results: (1) Food patch depletion and within-group scramble competition for food apparently did not affect patch use.
Introduction
Studies of animal foraging behaviors have often assumed that foragers adopt optimal foraging strategies to maximize energy intake (e.g., Stephens & Krebs, 1986) . Many models of optimal patch use have been proposed to explain the foraging strategies of animals that depend on patchily distributed resources (e.g., Charnov, 1976; Iwasa et al., 1981) . These models assume that the forager decides when to leave a food patch based on the decline in intake 3) speed (number of items eaten per unit of time) caused by patch depletion. The marginal value theorem (MVT: Charnov, 1976) has become the base of many other patchuse models (e.g., Stephens & Krebs, 1986) . This theory predicts that (1) a forager stays longer to feed in higher quality patches, (2) a forager continues to feed in each patch until temporal intake speed falls to a fixed "marginal value" for the given food condition and (3) a forager stays longer in each patch as the overall food condition becomes poorer in the habitat. The MVT has successfully explained patch use by various species (e.g., in birds: Krebs et al., 1974; Cowie, 1977; Kacelnik, 1984; in insects: Schmid-Hempel et al., 1985;  in primates: Agetsuma, 1998) .
Many primates living in forests feed on patchily distributed fruits and leaves (Leighton & Leighton, 1982; Nakagawa, 1989a; Agetsuma, 1995a) , and the predictions of the MVT have been tested for several primate species in the wild. For example, Whitten (1988) found that vervet monkeys (Cercopithecus aethiops) tended to stay longer in higher quality patches that allowed for higher intake speed. Barton & Whiten (1994) also reported longer patch residence times in larger food patches by anubis baboons (Papio anubis). These studies support the predictions of the MVT. However, some other primate species tend to leave food patches without a decrease in intake speed through patch depletion (e.g., Japanese macaque, Macaca fuscata: Nakagawa, 1990; Lar gibbon, Hylobates lar, and Siamang, H. syndactylus: Grether et al., 1992) . Those researchers have suggested that some social factors may influence patch use in these group foragers. In fact, Japanese macaques foraging behavior followed the predictions of the MVT, when various social factors were experimentally excluded (Agetsuma, 1999) .
However, very little is known of the effects of social factors on patch use.
The presence of other individuals induces feeding competition. The foraging success of group-living primates tends to decrease through indirect competition for food by other group members (scramble competition: Janson & van Schaik, 1988) and direct competition for food by aggressive interactions and dominance rank (contest competition: Janson & van Schaik, 1988 ). However, van Schaik (1989 pointed out that individuals are not free to go anywhere to avoid food competition among the group members and must stay within certain range. It might be because most primate species have strong social bonds among group members. Group members frequently exchanged social behaviors (social grooming: Goosen, 1981 , vocal communication: Wang, 2000 Sugiura, 2007) and keep proximity to one another even in foraging (Pastor-Nieto, 2001) . Then, individuals often leave food patches to follow other group members or gave up patches due to aggressive behavior by dominant individuals (Nakagawa, 1990) .
Thus, to understand patch uses by group-living primates, it is necessary to consider the effects of social factors, such as dominance rank and presence of group members sharing the same food patches simultaneously (co-feeders).
In Japanese macaques, females remain in the natal troops throughout their lives and mature males migrate between troops. The macaques have a linear dominance hierarchy between females, which is nepotistic, that is, a daughter is ranked after her mother (Kawamura, 1965) . The rank order also exists between kin groups (Koyama, 1970) . The macaques feed mainly on fruits, seeds, flowers, and leaves according to the availability of these food resources (Nakagawa, 1989b; Agetsuma, 1995b) . Under poor food conditions associated with the winter season, severe competition for food might arise (Saito, 1996) .
Therefore, this species is an appropriate subject for detecting social effects on food patch use. We examined patch use by Japanese macaques in a wild group in relation to social factors as well as patch quality, testing the following predictions. (1) As the patch use models predict, in the course of foraging, food availability will decrease, and, in turn, food intake speed will also decrease. In addition, if there are co-feeders intake speed will decrease faster as a result of scramble competition. (2) If contest feeding competition is apparent, aggressive interactions will affect patch use. This tendency should be much more apparent among lower ranking individuals. (3) Patch quality will have positive effects on food patch use, while social factors (dominance rank and co-feeders) will have negative effects on food patch use in the patches as a result of feeding competition.
Material and methods

Study site and subjects
The study site, Kinkazan Island (10 km2), is located in northern Japan (38 •16 N, 141 covered with a mixed forest of coniferous and broadleaved trees (Yoshii & Yoshioka, 1949) , and resident macaques have no predators (Izawa, 1983) .
During the study periods, six groups of Japanese macaques were living on the island, with a total population size ranging from 217 to 230 individuals (Izawa, 2005) . These macaques feed mainly on leaves and flowers in spring and on seeds and fruits of several woody plants in autumn (Izawa, 2004) .
Trees are sparse because of the high feeding pressure by sika deer (Yoshii & Yoshioka, 1949) ; thus, each food tree can be defined as a food patch (Nakagawa, 1990) . The B1 group was selected for observation of foraging behavior. There were three periods of observation covering two seasons, spring (April-May 2003 and May-June 2004) and autumn (September-October 2003) . The troop ranges mainly throughout the central part of the island from the seaside to the island peak (445 m above sea level; Izawa, 1999) . During the study, the group consisted of 11-12 adult females (7 years old and older), 1-2 adult males (7 years old and older), 2-3 young females (5-6 years old), 2-4 juveniles (1-4 years old) and 2-3 infants. We determined dyadic dominance relationships between adult females and a linear dominance hierarchy using the Dominance Directed Tree Method (Izar et al., 2006) as follows. First, the dominance relationship between each pair of adult females was decided based on the number of victories in agonistic interactions. Second, unknown relationship was resolved applying the transitiveness property (i.e., if A is dominant to B and B is dominant to C, then A is dominant to C). The adult females were divided into three dominance rank classes (high, middle, and low), each of which comprised three or four females. We chose two females from each class (i.e., six in total) in spring and Autumn 2003, and one female from each class (i.e., three in total) in Spring 2004, for observations of feeding behavior.
These females had no infants during the observation seasons.
Patch use
In this study, we analyzed four aspects of patch use: residence time in each food patch (tree), percentage of time spent feeding, intake speed, and amount of food items consumed in each patch. We followed one female each day from dawn to dusk with as few interruptions as possible. We recorded the time of entrance into and departure from each food patch to obtain the residence time in the patch.
Behavioral data were collected by the focal animal sampling method (Altmann, 1974) , in which we recorded observed behaviors of the focal animal for every 8-min session. For the first 5 min of the observation session (behavior sampling sub-session), we recorded the duration of behaviors of the focal animal in seconds. When the focal female stayed in the food patch, we recorded the food type (species and part) and classified her behaviors into three categories: (1) feeding: eating food items, including handling, processing, and chewing; (2) searching: moving and searching for food; and (3) inactive:
resting, self-grooming and social-grooming. When the focal female was feeding, we also recorded the number of food items eaten and time spent feeding on them as few missing as possible, to estimate the intake speed in each session. In addition, we recorded aggressive behaviors directed at focal females by other group members (e.g., being attacked and replaced by other individuals approaching within 1 m) in food patches by ad libitum sampling (Altmann, 1974) during the behavior sampling sub-session. In the last 3 min of an observation session (co-feeder sampling sub-session), we counted the number of group members in the same food patch with the focal female. These animals were assumed to be co-feeders.
We followed each focal animal for 4 to 5 days in each season, for a total of 195 of the total time of the behavior sampling sub-sessions. The percentage of time spent feeding in each session was estimated by dividing the time spent feeding by the observation time of the behavior sampling sub-session. Intake speed in each session was calculated by dividing the observed number of food items eaten by the time spent feeding on that number of items in each behavior sampling subsession. The amount of food items consumed in a visit to each food patch was estimated by multiplications of the mean intake speed, mean percentage of time spent feeding in each session and residence time in each patch.
Patch quality
All food types used by focal animals more than 10 times in each season, excluding the flower of Berberis thunbergii, were selected for analysis. These plants were the flower and seed of Fagus crenata (fl-FC and se-FC), leaf and seed of Zelkova serrata (lf-ZS and se-ZS), fruit of Comus brachypoda (fr-CB), flower of Pourthiaea villosa (fl-PV) and fruit of Prunus x yedeoesis (fr-PY). We surveyed the patch size, density of food items in the tree crown, and number of proximate patches of food trees used by focal animals to determine the patch quality. For estimation of the food patch size, we measured the height of tree crowns and the maximum and minimum crown widths. We then estimated the patch size of each tree as the volume of an elliptic cylinder, calculated using the maximum and minimum widths as the major and minor axes, respectively, and the height. The density of food items in each food patch was also recorded (<0.25, 0.25-0.5, 0.5-0.75 and >0.75 of the crown; see Whitten, 1988) when focal animals visited the patch. The locations of all food trees used by focal animals throughout each observation season were plotted on a map. The maximum extent of group dispersion was approximately within a radius of 50 m during foraging (personal observation). Therefore, food patches within 50 m of the focal animal were assumed to be alternative food resources for the animal at that time. We counted the number of proximate patches during every visit to food patches in each season.
Data analysis
Nutritional contents may differ among food types in the study area (Nakagawa, 1997) . In addition, food densities in patches are not comparable among food types. Therefore, we analyzed food patch uses separately for each food type.
Patch depletion and scramble feeding competition (prediction 1)
We examined whether intake speed decreased with time spent in patches. If the patch becomes depleted, intake speed will decline with the time spent in patches (i.e., session order). However, intake speed may also decrease when the animal is satiated by a food item (Nakagawa, 1990) . Therefore, decrease of intake speed does not always reflect patch depletion. The more co-feeders stay in the patch, the sooner intake speed will decrease by scramble competition leading to patch depletion. If a patch then becomes depleted, the number of co-feeders and interaction between the session order and number of co-feeders should have negative effects on intake speed for each session. We examined the effects of session order, number of co-feeders, and their interaction on intake speed using a generalized linear mixed model (GLMM, using the glmmML package of the statistical software R.2.5.0; http://www.rproject. org/). Each patch visit was designated as a random effect in the model. The best model was determined by removing independent variables that did not improve Akaike's information criterion (AIC) compared to that for the full models. Table 1 lists other information on the model.
Contest feeding competition (prediction 2)
Aggressive behaviors by dominant individuals may lead to decreased feeding time and intake speed because foragers must pay attention to the dominant individuals or abandon their feeding spots.
Moreover, foragers may even give up food patches. As a result, the amount of food items consumed in the food patches may decrease. Such negative effects of contest feeding competition are more apparent in lower-ranking individuals (Saito, 1996; Vogel, 2005) . We tested the negative effects on the percentage of time spent feeding and intake speed in each session, and the residence time and total amount of food Mann-Whitney U-tests, we compared the percentage of time spent feeding and intake speed in sessions, residence time and total amount of food items consumed in each patch with and without aggressive behaviors for food types observed three or more cases of aggressive interactions (i.e., se-FC, lf-ZS, and fl-PV).We also tested the relationship between dominance rank and the frequency of aggressive behaviors using a generalized linear model (GLM, using R.2.5.; Table 1 ). The significance of the factors was estimated by the GLM with quasi-Poisson error against overdispersion. All food types were analyzed together because of the small number of cases.
Effects of social factors and food conditions on patch use (prediction 3)
Dominant females may have negative effects on the foraging behaviors of subordinates, regardless of the apparent social interactions. Subordinates may abandon better feeding spots or give up a food patch to avoid dominants before interactions. We quantified the effects of social factors (dominance rank and number of co-feeders) as well as patch quality (patch size, density of food items and number of proximate patches) for each aspect of patch use (intake speed and percentage of time spent feeding for each session; residence time and amount of food consumed in each patch) using the GLM (Table 1) . For intake speed and the amount of food items consumed in each patch, the significance of each factor was estimated by the GLM based on quasi-Poisson error against over-dispersion.
Results
Patch depletion and scramble feeding competition (prediction 1)
We predicted that if patch depletion occurred in the course of the patch use, intake speed would decrease, and the speed would decrease faster with co-feeders as result of scramble competition. Then, we analyzed the effects of time spent in patches (i.e., session order), the number of co-feeders and their interaction on intake speed. Session order was selected as a negative factor for two of seven food types (fl-FC, fr-CB; Table 2 ).
However, for both types, the number of co-feeders and the interaction between the session order and number of co-feeders showed no negative effects on intake speed. While the number of co-feeders had negative effects on intake speed for lf-ZS and se-ZS, session order and interaction between the session order and the number of co-feeders did not have negative effects. These results suggest that apparent patch depletion and scramble competition did not occur during our observation periods.
Contest feeding competition (prediction 2)
We observed 18 cases of aggression from other females in food patches (2 cases/19 patch visits for fl-FC; 3/56 for se-FC; 5/40 for fl-ZS; 0/29 for se-ZS; 2/27 for fr-CB; 6/35 for fl-PV; and 0/11 for fr-PY). The frequency of aggressive behaviors in food patches was, thus, relatively low (0.375 occurrences/h on average). We tested the effect of aggressive behaviors on patch use in three food types (se-FC, lf-ZS and fl-PV) to examine contest competition. The percentage of time spent feeding in the sessions with aggressive behaviors decreased significantly for lf-ZS, but not for the other two food types (Table 3) .
Intake speed in the sessions was not significantly decreased by aggressive behaviors for all three food types. Residence time and amount of food consumed in each patch also did not decrease significantly with aggressive behaviors for all three food types. Dominance rank was not selected by the GLM as a factor affecting the frequency of receiving aggressive behavior (N = 216, intercept = −9.11, SE = 0.37, p < 0.001). Therefore, the frequency of aggressive behavior by other females was not determined by the dominance rank.
Above all, aggressive behaviors did not show important negative effects on patch use. In addition, lower-ranking females did not frequently receive aggressive behaviors from other females. These results indicate that contest competition for foods, which we had predicted, was not readily apparent. Table 3 . Summary for Mann-Whitney U-tests of patch use in relation to interference's occurrence.
Percentage of time spent feeding
Intake speed
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Effects of social factors and food conditions on patch use (prediction 3)
The effects of social factors, as well as food patch quality, on patch use were tested by GLM. The GLM selected different variables for patch use by food types (Table 4 ). The patch size and density of a food item did not always have positive effects on patch use. The number of proximate patches also did not have consistent effects on intake speed and percentage of time spent feeding in each session or on the amount of food items consumed in each food patch. However, the number of proximate patches did have a negative effect on residence time for the three food types. Effects of dominance rank differed among food types. Thus, patch quality and dominance rank did not have consistent effects on patch use by these macaques.
However, the number of co-feeders had positive effects on many aspects of patch use, excluding the percentage of time spent feeding (Table 4 ). The number of co-feeders increased (or did not decrease) the intake speed and residence time for all food types. In addition, for six of seven types, the amount of food consumed in each patch increased with the number of co-feeders.
Thus, the number of co-feeders had consistent positive effects, while patch quality did not have consistent effects on patch use, against our prediction. The positive effect of social factor means that certain social facilitations may act on their food patch use.
Discussion
Previous studies on group-living primates have suggested that other group members have negative (Janson, 1988; Janson & van Schaik, 1988; Barton, 1993; Barton & Whiten, 1993) . However, in this study such negative effects (within-group scramble and contest competition) were not detected clearly. Rather, the presence of group members in the same food patches showed consistently positive effects on the patch use. Thus, the presence of group members improved foraging success through some undetermined mechanisms.
Patch depletion and scramble feeding competition (prediction 1)
Previous studies have suggested that the foraging success of group-living primates tends to decrease through scramble competition (Janson & van Schaik, 1988) . However, in this study apparent food patch depletion was not shown, and then scramble competition could not have been strong.
If scramble competition occurs in food patches, the time spent in food patches, number of co-feeders,
and their interaction will all have negative effects on intake speed in the food patch. That is, the more cofeeders stay in the patch, the sooner the intake speed will decrease by scramble competition, leading to patch depletion. However, if only the passage time shows negative effects, the patch may not be depleted because the forager may leave the patch for other reasons, such as satiation with the food items (Nakagawa, 1990) . In our study, for two of seven food types, time spent in food patches (i.e., session order) had negative effects on intake speed (Table 2) . However, the number of co-feeders and the interaction between session order and the number of co-feeders did not negatively affect intake speed. These results suggest that there was still sufficient food in the patches so as not to decrease intake speed or cause scramble food competition.
Contest feeding competition (prediction 2)
Several studies have documented the relationship between foraging success and aggressive behaviors for food (within-group contest competition : Janson, 1988; Barton, 1993; Barton & Whiten, 1993) . These studies have suggested that contest competition tends to decrease foraging success in lowerranking individuals. However, in our study group the contest competition for food was not severe.
In our study, aggressive behaviors relating to food competition by dominant individuals (Wrangham, 1980; Oliver, 2003) were rarely observed. The percentage of time spent feeding in sessions with aggressive behaviors did not decrease significantly for se-FC and fl-PV (Table 3) . For lf-ZS, the percentage of time spent feeding was significantly lower in sessions with aggressive behaviors. However, there was no significant difference between sessions before and after the aggressive behavior in a patch use. Intake speed was not significantly different between sessions with and without aggressive behaviors for the three food types (Table 3) or between sessions before and after the aggressive behaviors for lf-ZS.
Residence time was not affected by aggressive behaviors (Table 3) . As a result, the amount of food items consumed in the patches also did not decrease by aggressive behaviors (Table 3 ). These results suggest that aggressive behaviors from dominant females did not have important negative effects on patch use. In addition, lower-ranking females were not frequently involved in interferences from other females. Therefore, contest competition for foods was not readily apparent.
Effects of social factors and food conditions on patch use (prediction 3)
Patch quality and dominance rank did not have consistent effects on patch uses (Table 4 ). The inconsistent effects of patch quality and dominance rank may be because food items in each patch were relatively abundant, and then food competition would not have been severe during the study seasons.
However, Saito (1996) pointed out that strong feeding competition does occur for high-quality but small and isolated food patches in the study area. Similar analyses will be required under poor food conditions to confirm the effects of these factors on foraging behavior.
On the other hand, the number of co-feeders showed consistent positive effects on intake speed, residence time, and the amount of food consumed in each patch for most food types. This result suggests that there were certain positive effects of co-feeders on patch use.
Social factors enhancing foraging success
In our study, we could not detect clear negative effects of social factors on patch use through scramble and contest competitions suggested by previous studies (e.g., Grand & Dill, 1999; Snaith & Chapman, 2005; Vogel, 2005) . Instead, our results show that the presence of other group members in the same food patches had consistent positive effects on foraging success. Previous studies have suggested that the presence of other individuals is beneficial for foraging when inter-group competition is severe (Wrangham, 1980; Janson & van Schaik, 1988) and when predation pressure is high (Berger, 1978; Caraco, 1979; Sullivan, 1984) . However, in our study area, macaques have no predators (Izawa, 1983) and inter-group encounters occur infrequently (Saito et al., 1998) . In fact, there was no interaction with neighboring groups during the study seasons (personal observation). Nevertheless, for most food types, co-feeders had positive effects on food patch use (Table 4 ). Below, we present three possible mechanisms of enhanced foraging success.
(1) Response to potential competition. When food is scarce, sharing food with other individuals will lead to rapid depletion of food resources. In such a situation, foragers should increase food intake speed as much as possible. Thus, the response can be adaptable to scramble competition for food. Even if food is abundant, the presence of other individuals may stimulate foragers to raise their intake speed.
(2) Social facilitation. Humans tend to increase the amount of food eaten in a meal as the number of co-feeders increases (de Castro & Brewer, 1992) . Higher intake speed is especially apparent when eating with a spouse and family (de Castro, 1994) . Capuchin monkeys under laboratory conditions also ate more food per unit time when other individuals were eating than when others were not eating (Galloway et al., 2005) . Similar social facilitation may occur in wild Japanese macaques.
(3) Prevention of straying. van Schaik (1989) pointed out that group members must stay within a certain range relative to other group members so as not to lose their group. When only a few monkeys are in the same patch, individuals must pay more attention to locations of other members and may give up the patch to stay in contact with others. In contrast, when many members are in the same patch, individuals can concentrate more on foraging because there is a lower probability of losing track of the others. In this study, we found that co-feeders had positive effects on foraging success even under conditions of low inter-group competition and low predation risk. This could be one of the benefits of group living. Further studies are needed to confirm the social enhancement of feeding behaviors in other gregarious species.
